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Progress

1. “Boulder Workshop”, March 2005
2. 1st RHIC II workshop, April 2005
3. 2nd RHIC II workshop, June 2005

4. Various e-mail chains (in rhicii-new-l archives):
“s” in sQGP,  phonons, quasiparticles 

There is real value in small group discussions,
only loosely-coupled to programmatic planning.

Less about “brand new” ideas than about clear thinking
“Self-assessment” for the RHIC II Science case.



June 2005 Archives by thread
 • Messages sorted by: [ subject ] [ author ] [ date ]
 • More info on this list...
Starting: Tue Jun 7 11:12:43 EDT 2005
Ending: Wed Jun 29 12:12:09 EDT 2005
Messages: 25

 • [Rhicii-new-l] Getting more detailed .... Re: The Letter 'S' for sQGP   jamie.nagle at colorado.edu
 • [Rhicii-new-l] Getting more detailed .... Re: The Letter 'S' for sQGP   Peter Petreczky
 • [Rhicii-new-l] Re: Getting more detailed .... Re: The Letter 'S' for sQGP   Horst Stoecker
 • [Rhicii-new-l] Re: Getting more detailed .... Re: The Letter 'S' for sQGP   Denes Molnar
 • [Rhicii-new-l] Re: Getting more detailed .... Re: The Letter 'S' for sQGP   Prof. Dr. Carsten Greiner
 • [Rhicii-new-l] Re: Getting more detailed .... Re: The Letter 'S' for sQGP (fwd)   jamie.nagle at colorado.edu
 • [Rhicii-new-l] Re: Getting more detailed .... Re: The Letter 'S' for sQGP (fwd)   Ulrich Heinz
 • [Rhicii-new-l] Re: Getting more detailed .... Re: The Letter 'S' for sQGP (fwd)   Horst Stoecker
 • [Rhicii-new-l] Re: Getting more detailed .... Re: The Letter 'S' for sQGP (fwd)   Edward Shuryak
 • [Rhicii-new-l] Re: Getting more detailed .... Re: The Letter 'S' for sQGP (fwd)   Peter Petreczky
 • [Rhicii-new-l] RHIC II New Directions Meeting on Wednesday June 22 at 9 am EST   jamie.nagle at colorado.edu
 • [Rhicii-new-l] change of bridge to x6261   Peter Steinberg
 • [Rhicii-new-l] screening lengths, phonons, and long range correlations   Richard Seto
 • [Rhicii-new-l] screening lengths, phonons, and long range correlations   Dam Thanh Son
 • [Rhicii-new-l] screening lengths, phonons, and long rangecorrelations   Richard Seto
 • [Rhicii-new-l] screening lengths, phonons, and long range correlations   Edward Shuryak
 • [Rhicii-new-l] simple minded question about screening lengths   Richard Seto
 • [Rhicii-new-l] simple minded question about screening lengths   Peter Petreczky
 • [Rhicii-new-l] june workshop plenary talk   Peter Steinberg
 • [Rhicii-new-l] june workshop plenary talk   Mark D. Baker
 • [Rhicii-new-l] june workshop plenary talk   Tom Trainor
 • [Rhicii-new-l] june workshop plenary talk   Peter Steinberg
 • [Rhicii-new-l] Rapidity instabilities   Robert D. Pisarski
 • [Rhicii-new-l] Rapidity instabilities   Horst Stoecker
 • [Rhicii-new-l] Yes, sorry   Robert D. Pisarski

Talking is good, but writing it down is better



1. What are the most basic physics questions?
2. How do you connect these to observables?

3. How do you measure the observables?
4. Implications for experiments

White Paper Worksheet
(from April 2005 meeting)



Worked Example #1

1. How do you understand Baryon 
asymmetry in the present-day universe?

2. Neutrino mixing matrix (e.g. Θ13) 
contains information on CP violation

3. Reactor experiment to measure Θ13

4. Braidwood (conceptual design)



“Worked Example #2”



Get Out Your #2 Pencil

Entropy
Generation

Degrees of freedom,
Phase Transitions



Entropy Generation
1. How do we evolve from a low-entropy initial state to a 

(maximal?) entropy state on such short time scales

2. Mechanisms are unknown: CGC? Can string theory help?  
In some sense, this is the big question!

3. What is connection from final state entropy to initial 
state (e.g. how much viscosity in system)?

4. ...eRHIC?  
Jet quenching also suggested to be an example of

an isolable “thermalization” process



Lower Viscosity Bound

111601 (2005). 

3. C. P. Herzog, J. High Energy Phys. 2002(12), 026 (2002); P. K.

Kovtun, D. T. Son, A. O. Starinets, J. High Energy Phys.

2003(10), 064 (2003); A. Buchel, J. T. Liu, Phys. Rev. Lett. 93,

090602 (2004). 

4. H. Nastase, http://arXiv.org/abs/hep-th/0501068

5. K. M. O’Hara et al., Science 298 2179 (2002).

6. J. Kinast, et al., Phys. Rev. Lett. 92, 150402 (2004).

The viscosity/entropy density ratio for helium, nitrogen and

water varies with temperature. Visible in the data is the infinite

slope at the gas–liquid phase transition for helium. The value of

the quotient obtained for systems dual to anti-de Sitter black

holes has been normalized to unity and is indicated by the hori-

zontal red line that lies well below the curves of the real-world

substances. (Adapted from ref. 2.)
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matter it describes warps spacetime and leads to gravitational

forces. In the language of quantum mechanics, the tensor couples

to gravitons analogous to the way that currents couple to photons

in quantum electrodynamics. The Maldacena duality and the con-

nections linking h to the stress–energy tensor to gravitons imply

that a fluid’s h is proportional to the zero-energy-limit cross sec-

tion for gravitons to scatter off the dual black hole. 

A standard result from quantum mechanics says that the cross

section for low energy scattering off a hard sphere is proportional

to the sphere’s cross sectional area. The graviton result is similar:

The zero-energy-limit cross section is proportional to the area of

the black hole horizon. In the ratio h/s, the horizon area cancels.

The specific systems that yield the duality value for h/s have

vanishing chemical potential. Son and colleagues conjecture that

the duality value is a lower bound for h/s in any nonzero-tempera-

ture system with vanishing chemical potential. Just what might

be said about h/s for systems with nonzero chemical potential is an

open question, but the techniques employed by Son and others

have a natural extension to that regime. Calculations for the gen-

eralized scenario, though, will have to deal with an interesting

technical wrinkle: The dual black hole has angular momentum.

Steven K. Blau
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Physics Today, May 2005



Degrees of Freedom
1. Do the degrees of freedom in the initial state have 

deconfined (quasi-free) color charges?
(Or are there new non-hadron bound states [BSBS]?)

2. Expect color screening for deconfinement,
(new “resonances” for BSBS)

3. Quarkonia dissociation for set of states with a range of 
binding energies vs.  T, L, v.  Improvements to lattice 

techniques.

4.  Dilepton measurements + extensions, e.g. χc.  
Upgrades to existing detectors.  



QCD Phase Transition
1. Is there a QCD phase transition?

2. “Softest point” in QCD equation 
of state

3. 3D Hydro models (with full 
exploration of parameter space) 

compared with data

4. Detector with large rapidity 
coverage and PID.  Jet correlations 

(and wakes) to study speed of 
sound (& rapidity dependence)

Velocity of sound

steep EoS:
rapid change of energy density; slow change of pressure

⇒ reduced velocity of sound ⇒ more time for equilibration
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PANIC 2005, F. Karsch – p.7/20



“Everything that can be said, can be said clearly.”
- Ludwig Wittgenstein



What do we mean 
when we talk about 

“RHIC Physics”?

“Duck or Rabbit?”



1. Entropy Generation (Thermalization) 
2. Degrees of freedom

3. Phase Transitions



How and when does RHIC Physics start?



The canonical picture:
1. “Stopping”

2. “Rescattering” of q,g at 
η=0

3. Establishment of 
equilibrium
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Dynamical Regimes of QCD

Long timesShort times

Small
opacity

Large
opacity

Parton Cascade? Hadron Cascade?

Perfect Fluid? Lattice QCD?



Modelling approach to hydro

FIG. 9. Relation between the elliptic flow parameter v2 at midrapidity and the mean free path

(formation time) of the particles in Au+Au reactions at
√

s = 200 AGeV, b = 7 fm.

18

UrQMD (Bleicher/Stocker)
FIG. 5. Same as Fig. 4 except that solutions for transport

opacities χ = 19.4A), 17.2A), 14.1A), 9.74A), 5.00A), and 1.32A)

are shown. STAR data [14] below 2 GeV/c are shown. Preliminary

STAR data [16] suggest that v2 ∼ 0.15 − 0.17 may saturate in the

2 < pT < 4 GeV/c range.

FIG. 6. Gluon elliptic flow as a function of centrality for Au+Au

at
√

s = 130A GeV is shown for transport opacities χb=0 = 0.62E),

8.22C), 18.3D), 20.2A), and 47.8B) for b = 0. Identical to the

charged hadron elliptic flow as a function of nch/nmax
ch , if the glu-

ons are hadronized via local parton-hadron duality. The ideal hy-

drodynamics result is taken from [6] with the so called sBC initial

conditions. STAR data [14] are also shown.

FIG. 7. Impact parameter averaged gluon elliptic flow is shown

as a function of p⊥ for Au+Au at
√

s = 130A GeV with transport

opacities χb=0 = 0.62E), 8.22C), 18.3D), 20.2A), and 47.8B) for

b = 0. Identical to the charged hadron elliptic flow if the gluons

are hadronized via local parton-hadron duality. STAR data [14]

below 2 GeV/c are shown. Preliminary STAR data [16] suggest

that v2 ∼ 0.15 − 0.17 may saturate in the 2 < pT < 4 GeV/c

range.

FIG. 8. Gluon elliptic flow as a function of p⊥ is shown for

Au+Au at
√

s = 130A GeV with b = 8 fm and µ/T0 = 0.226, 0.45,

0.71, and 1 (transport opacities χ = 1.44F ), 3.88F ), 6.86F ), and

9.74A)).

11

MPC (Molnar/Gyulassy)

Need early times AND large cross sections to
reach hydrodynamic limit (“unphysical”...)

Hadron
Transport

Parton Transport

Hydro “limit”



“local equilibrium” ~ 
“isotropization”

QCD fields?

Does radiation tunneling
through a “horizon” just 

appear thermal?

Can rescattering of
free quarks and gluons

rapidly equilibrate?
(Estimates point to no - but 
we still use this language!)
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FIG. 2: The space–time picture of a relativistic heavy ion collision. Left: heavy ions approach the

interaction region around x = t = 0 along the light cone from x = t = −∞ and x = −t = ∞. The

collision at x = t = 0 produces the final state particles which approach the mass shell at some proper

time τ = (t2−x2)1/2 (or, equivalently, along the surface of Rindler space ρ2 = ρ2
0 = x2−t2 < 0). The

produced particles are distributed in rapidity, or in the Rindler coordinate η = 1
2
ln

∣

∣

∣

t+x
t−x

∣

∣

∣
. Right:

also shown in the left (L) and right (R) sectors are the trajectories of space-like p2 ∼ −Q2
s < 0

partons confined in the initial nuclear wave functions characterized by the saturation scale Qs.

Approaching the interaction region around x = t = 0 the partons from the colliding nuclei begin

to interact, which leads to their deceleration with |a| = Qs; the trajectories in the left and right

sectors are the hyperbolae with ρ2 = −ρ2
0 > 0, |a| = Qs = ρ−1. For partons in the right (R) sector,

the surface ρ2 = 0, η = +∞ is the event horizon of the future; the information about the left (L)

and the future (F) sectors is hidden from them. Quantum tunneling of partons from left (L) and

right (R) sectors through this event horizon into the future (F) indicated by dashed arrows creates

a thermal state of parton matter with the temperature T = Qs/2π.

physics is often called a space–time rapidity.

Consider now the case when partons in the wave functions of the colliding nuclei have

non-vanishing transverse momenta, as in the Color Glass Condensate picture where their

transverse momenta are on the order of the saturation scale Qs. In this case the partons are

space–like k2 = −k2
T and are located off the light cone. As the colliding nuclei approach each

other, these partons begin to interact; note that since they are space–like, their interactions

Kharzeev & Tuchin

Dumitru, Nara,
Strickland, Venugopalan, etc.

“Bottom-up thermalization”,
Parton Cascade Model
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sNN (b). Errors are statistical.

spectra and inclusive invariant yields of charged meson
π± and K±. The ratios of strange to non–strange
mesons K/π are well reproduced by the hadron gas
statistical model [6] that assumes strangeness equilibra-
tion at mid–rapidity. The excess of K+ over K− yields
at higher rapidities can be explained by the increasing
baryo–chemical potential µB with rapidity. The widths
of the pion rapidity distributions are in surprisingly
good agreement with a hydrodynamic model based on
the Landau expansion picture.

This work was supported by the division of Nuclear
Physics of the Office of Science of the U.S. DOE, the
Danish Natural Science Research Council, the Research
Council of Norway, the Polish State Com. for Scientific
Research and the Romanian Ministry of Research.
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Is thermalization just at η=0 or all η (Landau or Bjorken)?
3+1D viscous calculations (down to t=0) are fundamental

Critical for any discussion of “phase transitions”
(and energy loss, e.g. to track density vs. time)

“Bjorken”
Hydro

“Landau”
Hydro



What does QCD tell us about degrees of freedom?



This plot is becoming the “new” diagnostic of
deconfinement, the region from 1-3 Tc indicative

of the sQGP (>3Tc unclear...     )



0,1,2,3...∞

Tc 2Tc 3Tc HTL
works,etc.

Cold
matter

Bound States Quasi-particles
(massive q and g)

Hadrons

What is the fundamental difference
between these various concepts?

(quantum numbers, width vs. mass?)

Constituent quarks?

Shuryak, Brown

HTL

Muller et al, Greco et al



Does this mean that the high-temperature phase
of QCD should best be thought as free

fundamental excitations taking ballistic trajectories,
with the quantum numbers of quarks and gluons?

QGP: q and g DOF
spin-1/2 q, vector g

w/ bare color
(or maybe constituent

quark plasma)

“sQGP” is a “strongly-
interacting liquid”,

no obvious candidate
for quasiparticle.

DOF α ε/T4 

Koch, Majumder 
Randrup, 

Son, Rajagopal,
Müller, McLerran

cf. HTL: m~gT, Γ~g2T



What Do Quarkonia Teach Us?

Are we really sensitive to a modified potential,
deconfining heavy quarks in onium states?

How does this connect with “thermodynamic” DOFs?
Why do various mechanisms give “Npart scaling”?



So what are we talking about
(and when are we talking about them)?

Microscopic
DOFs?

Macroscopic
DOFs?

This question must be tackled explicitly and clearly
to avoid confusion and contradiction later



Phase Transitions

If RHIC can address the NA49 “horn” (trunk?)
(low-luminosity, low-energy scan) 

then we probably should (to remove ambiguity       )

4 C. Blume
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Fig. 3. The energy dependence of the 〈K〉/〈π〉 ratios together with various model
predictions (see text).

of Fig. 4, the K/π fluctuations are positive and decrease with beam energy. The
p/π fluctuations, on the other hand, are negative – indicating a correlation present
in the real data – and increase with beam energies. While the trend of the K/π
fluctuations is not reproduced by UrQMD [ 9], it provides a good description of the
energy dependence of the p/π fluctuations. This might indicate that the negative
value of the fluctuations in this ratio is due to resonance decays.

5. Bose-Einstein correlations

Figure 5 summarizes the HBT-radii extracted in the LCMS, as measured by the
NA49 experiment [ 10]. As expected in the presence of longitudinal and transverse
expansion, a significant reduction of the radii with increasing kt is observed at all
beam energies. Assuming a boost-invariant scenario, the kt-dependence of Rlong

should reflect the life time of the source [ 11]:

Rlong = τf

(

Tf

mt

)1/2

; mt = (m2
π + k2

t )1/2 (2)

The fits of this function, assuming a freeze-out temperature Tf = 120 MeV, are
shown in the upper part of Fig. 5. Only a weak increase of the extracted life time
with beam energy is observed. Another important feature of this data is the fact
that Rout > Rside at all beam energies (lower part of Fig. 5). The difference of
these two parameter is connected to the emission duration [ 12]:

∆τ2 =
1

β2
t

(R2
out − R2

side) ; βt ≈
kt

mt
(3)

The data would indicate an emission duration of 3-4 fm/c.



So we have (at least) 
3 big questions about QCD:

1. Entropy Creation (Thermalization) 
2. Degrees of freedom (Hydro Evolution)

3. Phase Transitions (Freezeout)

Do we have the raw material to clearly
formulate “4 Questions” for each of them?

 
“New Directions” group thinks yes.

Necessary for RHIC II science case.



Paths to Progress

Few completely “New Directions” for the field
(in the sense of brand-new measurements or calculations)

There is still a lot of interesting ground to map out, 
even in “familiar” physics topics

Still a lot of room for additional work

- Small group discussions (e.g. Boulder Workshop II)

- What about a new “yellow book” for the field,
including critical discussions of basics?





v2(η) from CGC + Full 3D Hydro 
+ Hadronic Cascade

PHOBOS data:
“Triangle shape”
prop. to dN/dη
Tth=100MeV:
“Trapezoidal shape”
Typical hydro result
Tth=169MeV:
Triangle shape!
Just after 
hadronization
CGC+hydro+cascade:
Good agreement!Perfect fluid sQGP core +

dissipative hadronic corona
 picture works in forward region! T. Hirano, QGPTH05 

(August 20005, Vienna)



QCD:
Lagrangian tells us that 

“free” quarks and gluons are 
the primary degrees of 

freedom in nature 
pQCD:

Factorization theorems
suggest that we can abstract 
away the “soft” physics in the

limit of large Q2

Lattice:
At high temperatures, there is 
a change in the the number of

degrees of freedom


